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(57) ABSTRACT 

A planar inductor comprises a metal element (11-14) on a 
substrate (300,310), said metal element being provided with 
at least one groove (20) extending along and into said element 
from at least one surface (2) of said element. Said groove or 
grooves (20) extend into the element in a direction substan 
tially perpendicular to the surface of the substrate (300,310), 
giving rise to a higher Qvalue and a lower serial resistance are 
also achieved. The inductor may comprise grooved (11, 13, 
14) and non-grooved (12) layers. 

The invention also relates to a method of manufacturing the 
inductor. 

24 Claims, 4 Drawing Sheets 
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1. 

PLANAR INDUCTOR AND METHOD OF 
MANUFACTURING IT 

TECHNICAL FIELD 

The invention relates to inductors and, especially, to planar 
metal inductors of the type used in integrated circuits. 

STATE OF THE ART 

Many types of inductors are known. In integrated circuits 
(IC), the most common types of inductors are planar induc 
tors with a spiral structure or similar. FIGS. 1A and 1B show 
a top view and a vertical cross section of a prior art inductor 
100, connected to a metal conductor 200 by a so-called via 
201. Depending on the method and technology of manufac 
ture, the inductor can be made up of a plurality (in this case, 
two) of metal layers 101 and 102, normally of the same metal. 
This is normally the case when manufacturing the integrated 
circuits using, for example, CMOS or Bipolar IC processes. 
In any case, normally, in most known prior art IC inductors, 
the metal part (or, rather, each section of the metal part) has a 
Substantially rectangular cross section. 

This kind of semiconductor integrated planar inductors 
normally have a rather low Q value. Also, recently, these 
inductors are manufactured in Sub-micron processes, 
whereby the serial resistance of the inductor can be a serious 
problem for high frequency applications, such as applications 
in mobile telephony devices, etc. 

Normally, to reduce the serial resistance, materials having 
a good conductivity are used to form the metal layers of the 
inductor. Also, inductors having wide metal layers can be 
used, but Such a wide layers tend to have a large parasitic 
capacitance with regard to the Substrate on which the induc 
tors are formed. 

Further, heat generated by the inductor itself is another 
problem appearing in applications involving high currents, 
Such as power amplifiers. 
When applying high frequency signals to an inductor, the 

serial resistance of an inductor is related with the skin effect, 
represented by the following equation: 

d = W2pf (out 

= Wipf it fu 

where p is resistivity, () is angular frequency, f is frequency 
and L is permeability. 
Due to the skin effect, the high frequency signal flows near 

the surface of the metal of the inductor; this implies that the 
high frequency resistance (conductance) of the inductor 
depends on the surface area of the metal of the inductor. Now, 
if this Surface area increases, the skin effect is reduced and so 
the serial resistance of the inductor. 

On the other hand, the Q value of the inductor can be 
expressed by the following equation: 

Q = Co. LAR 

= Co. L. Sfl. O 
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2 
where L is inductance, R is resistance, S is surface area and I 
is the length of inductor. Thus, also the Qvalue depends on the 
Surface area. If the Surface area increases, the Q value 
increases. 
A high Q value is important in many situations. For 

example, in high frequency circuits, inductors are often used 
as matching components, in filters, etc., and the frequency 
selectivity of the inductor is important. Components with a 
high Q value have good frequency characteristics. 

JP-A-8-288463 and JP-A-9-251999 both disclose metal 
inductors on Substrates, having grooves in their 'sides', that 
is, grooves entering into the metal body of the inductors in a 
direction generally parallel with the surface of the substrate 
(these grooves could be referred to as “horizontal grooves). 
Basically, these grooves give rise to a certain increase in the 
Surface area of the metal, and thus may provide for reduced 
serial resistance and for an increase in the Q value of the 
inductor. However, normally, the extension of the metal lay 
ers in the direction perpendicular to the substrate (the “verti 
cal direction) is very small (frequently, below 0.5um). Thus, 
when using the approaches disclosed in these prior art docu 
ments, it seems to be difficult to provide a large number of 
grooves having a sufficient “depth' (entering far into the 
metal layer). 

Further, the grooves of JP-A-8-288463 and JP-A-9- 
251999 are made using photolithography; by radiation giving 
rise to standing waves, slots are produced in walls of the 
“mould which, when filled with metal, gives rise to the 
corresponding grooves in the walls of the metal. This method 
does not form part of the conventional methods for producing 
planar inductors for integrated circuits. 

DESCRIPTION OF THE INVENTION 

The invention aims at providing inductors having a (com 
paratively) high Q value and a (comparatively) low serial 
resistance by means of considering the skin effect, Substan 
tially increasing the Surface area of the inductor. 
A first aspect of the invention relates to a planar inductor, 

comprising a metal element on a Substrate, said metal element 
being provided with at least one groove extending along and 
into said element from at least one Surface of said element. In 
accordance with the invention, said at least one groove 
extends into the element in a direction Substantially perpen 
dicular to the surface of the substrate. 

As, normally, the “width' of the metal element (or of the 
layers) making up the inductor (that is, the extension of the 
cross section of a portion of said element in the direction 
parallel with the surface of the substrate) is larger than its 
“height” (the extension in the direction perpendicular to the 
Substrate), by making the grooves in a direction perpendicular 
to the Substrate, it will be easier to provide grooves having a 
sufficient “depth' and “width' so as to achieve the objectives 
outlined above (higher Q value and lower serial resistance at 
high frequencies, due to a large metal Surface area achieved 
without increasing the general outside dimensions of the 
metal element, that is, the space it occupies in a two-dimen 
sional plane parallel with the surface of the substrate). 

Further, in this manner, the grooves can be easily produced 
within the framework of the conventional methods for pro 
duction of planar inductors, and without any need for apply 
ing the specific photolithography method disclosed in the 
prior art references discussed above. 

Further, the specific design and dimensions of the metal 
element, such as width and length of the grooves, can be 
easily varied and adapted in accordance with the desired 
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characteristics of the inductor, within foundry process rules 
and using conventional manufacturing processes. 

Thus, the invention provides for an easily implemented and 
flexible way of increasing the effective surface area of the 
conductive elements of planar inductors, with the corre 
sponding reduction in serial resistance and increase in the Q 
value of the inductor, especially at high frequencies. 
The inductor can be a layered conductor, comprising at 

least two superposed metal layers (preferably of the same 
metal) each extending in a direction parallel to the Substrate, 
whereby at least one of said layers is provided with one or 
more of said grooves. This constitution of the metal element 
making up the inductor can be advantageous, as it makes it 
possible to create the grooves and to determine their dimen 
sions (such as their “height” or “depth”) using conventional 
layer construction IC processes. This provides for easy imple 
mentation using conventional processes, and easily imple 
mented flexibility in the choice of dimensions of the grooves. 
For "deeper grooves, one can simply add additional 
"grooved layers’. 
The use of layers also makes it possible to exactly deter 

mine the dimensions of the grooves by applying, selectively, 
'grooved and “non-grooved layers, as can be easily under 
stood from the discussion regarding preferred embodiments 
(see below). 
Of course, it is also possible to use one single metal layer 

and to provide grooves by, for example, etching said grooves 
in said metal layer, down to the desired depth; however, this 
method may prove to be less preferable, for example, in what 
regards how to obtain exactly the desired dimensions of the 
grooves. 

If the inductor is a planar inductor based on superimposed 
layers, one or more of said layers may not be provided with 
said groove or grooves; the choice of number of grooved and 
non-grooved layers can be based on optimisation of Surface 
area and process requirements (such as the number of grooves 
that can be obtained with a certain process in a layer having a 
certain width, etc.). The skilled person can select the optimum 
number of layers and grooves and their dimensions, in view of 
the process, material and dimension requirements. 

For example, if the inductor is made up of metal layers, the 
grove or grooves may extend all through at least on of said 
layer, from a first Surface of said layer to a second Surface of 
said layer, reaching another layer of said inductor. Thus, the 
inductor can be made up of completely grooved layers (layers 
in which the grooves reach through from one surface to the 
opposite Surface) and layers not having any grooves at all; the 
depth of the grooves will correspond exactly to sum of the 
heights of the grooved layers. 

The inductor can comprise at least three metal layers, the 
groove or grooves reaching from a Surface of said inductor 
and all through at least two of said layers until reaching a layer 
not being provided with grooves. 
The inductor can comprise at least three metal layers, a 

layer not being provided with grooves being Sandwiched 
between layers being provided with grooves. 

The inductor can be a spiral inductor, that is, an inductor 
having a spiral shape (in the plane of the Substrate); then, 
preferably, the groove or grooves also have spiral shapes 
corresponding to the spiral shape of the inductor, that is, the 
grooves follow the path of the inductor. 
The grooves are preferably arranged Substantially in par 

allel. 
The metal element (made up of layers or not) can have a 

Substantially rectangular cross section. 
In order to provide for an adequate increase in Surface area, 

the grooves can extend into the metal element to an extent 
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4 
corresponding to, at least, 50% of the “height of the metal 
element (that is, to its extension in the direction perpendicular 
to the surface of the substrate). 

It may be preferable that the grooves extend into the metal 
element to an extent corresponding to, at least, 75% of the 
“height of the metal element. 

Another aspect of the invention relates to a method of 
manufacturing a planar inductor, comprising the steps of 

applying or depositing a metal element onto a Substrate; 
and 

providing said metal element with grooves. 
In accordance with this aspect of the invention, the grooves 

are made to extend into the metal element in a direction 
substantially perpendicular to the surface of the substrate. 
The step of applying a metal element on a Substrate can 

comprise the step of applying at least one metal layer on a 
substrate, and the step of providing the metal element with 
grooves can comprise the steps of: 

applying a non-metal material on said at least one metal 
layer; 

creating grooves in said non-metal material, said grooves 
being separated by partitions of said non-metal material; 

filling said grooves with metal, thus creating a grooved 
metal layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A and 1B show a top view and a cross section, 
respectively, of a metal planar spiral inductor in accordance 
with the state of the art. 

FIGS. 2A and 2B show a top view and a cross section, 
respectively, of a metal planar spiral inductor in accordance 
with a preferred embodiment of the invention. 

FIGS. 3A and 3B show cross sections of two alternative 
embodiments of the invention. 

FIGS. 4A and 4B show cross sections of two further 
embodiments of the invention. 

FIGS. 5A-5E show the cross sections of a section of a 
planar inductor in accordance with an embodiment of the 
invention, during Subsequent steps of a manufacturing pro 
cess in accordance with a preferred embodiment of the inven 
tion. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

FIGS. 2A and 2B show a top view and a vertical cross 
section, respectively, of a spiral-shaped planar inductor 1 in 
accordance with an embodiment of the invention, connected 
to a metal conductor 200 by a so-called via 201. The inductor 
comprises a spiral-shaped metal element made up of a two 
metal layers 11 and 12 of the same metal (such as aluminium, 
copper, or tungsten). The inductor is provided with a plurality 
of grooves 20 extending along the metal element and into said 
element from one Surface 2 of said element, in a direction 
substantially perpendicular to the surface of the substrate 
(whereas the metal layers extend along the Substrate, in par 
allel with the surface of the substrate). In the illustrated 
embodiment, the grooves pass through one of the metal layers 
11 and reach the surface of the other metal layer 12. 

In this way and when comparing FIGS. 2A and 2B with 
FIGS. 1A and 1B, it is clear that the metal surface of the 
inductor per unit of length in the direction of extension of the 
spiral path has been increased by the incorporation of the 
grooves, without any change neither in the general outer 
dimensions of the inductor (height, length, width), nor in the 
height and width of the cross sections of the individual “wind 
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ings” of the inductor, nor in the distance between the subse 
quent windings of the spiral. Due to the increased metal 
Surface, the serial resistance of the inductor is reduced and its 
Q value increased, as explained above. 
The specific dimensions of the grooves may depend on 

many factors, and can be varied so as to obtain optimum 
performance of the device and simplicity of the manufactur 
ing process. 
The structure illustrated in FIGS. 2A and 2B can be created 

starting by applying the metal conductor 200 layer on a Sub 
strate (not shown). Next, an isolation layer (not shown) is 
applied (normally, the isolation layer is made of silicon diox 
ide or some dielectric material), in which a hole is made, 
which is filled with metal (such as aluminium, copper, or 
tungsten), creating the via 201. On top of the isolation layer, 
the “non-grooved metal layer 12 is applied, and on top of 
that, the "grooved metal layer 11. 

In the embodiment illustrated in FIGS. 2A and 2B, the 
grooves do not reach all through the metal element, but only 
penetrate said element down to a certain depth, said depth 
corresponding to the height of the upper metal layer 12. Of 
course, it is also possible to let the grooves penetrate the metal 
element from the upper surface 2 (the "grooved' surface) and 
all the way downto the opposite surface 3 (the “non-grooved 
Surface in FIG. 2B), thereby creating an element comprising 
parallel metal paths or threads separated from each other, as 
shown in FIG. 3A. This embodiment may in some cases be 
simpler to implement, but it does not provide for a maximum 
metal Surface, as can be seen when comparing FIGS. 3A and 
3B. 

FIGS. 3A and 3B show cross sections of respective planar 
inductors each comprising two metal layers 11 and 12/12a, 
just like the one of FIGS. 2A and 2B, and provided with 
“vertical grooves (perpendicular to the surface of the sub 
strate); however, in FIG. 3A, the grooves extend from the 
upper to the lower surface of the inductor. In FIGS. 3A and 
3B, a denote the height of the bottom layer 12/12a (we here 
Suppose that the inductor is positioned on a Substrate Surface 
extending in the horizontal direction), b denote the height of 
the upper layer 11, s denote the width of the grooves and w 
denote the width of the metal elements separated by the 
grooves. 
The total perimeter P of the metal parts of the cross sections 

of the inductors can be calculated in the following way: 
The inductor of FIG. 3A, having the grooves extending all 

the way through the metal layers: 

The inductor of FIG. 3B, having the grooves only extend 
ing the distance b into the inductor (that is, through the upper 
layer 11 but not through the lower layer 12): 

P=2x(4w+3s)+2x(a+b)+6b=2a+8b+8w+6s 

Thus, the difference between these perimeters is: 

In practical embodiments, it is often easy to make's' larger 
than “a” (in practice, a is often less than 0.5um), whereby a 
larger perimeter is obtained using grooves not reaching all the 
way through the metal element (through all of its layers). 

Also, the coupling between the metal inductor and adjacent 
metal lines to which it is to be connected must be considered; 
a contact layer without grooves can be advantageous because 
it provides for better coupling characteristics at its terminals. 

FIGS. 4A and 4B show to alternative designs, involving an 
additional layer: in FIG. 4A, a further layer 13 has been 
placed on top of layer 12, providing for a “higher inductor 
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6 
and “deeper grooves. FIG. 4B illustrates an embodiment in 
which an additional layer 14 has been added on the “bottom’ 
Surface of the non-grooved layer 12 (producing a 'sandwich' 
structure with the non-grooved layer between the grooved 
layers). The number of layers, and which layers are to be 
grooved, can be decided in view of the specific characteristics 
desired for the inductor, in view of the available space and in 
view of the desired manufacturing process. 
Of course, the metal part of the inductor does not neces 

sarily be made up of a plurality of layers; also a metal part 
comprising one single layer, in which grooves are made that 
reach into said layer (optionally, even all throughout it, from 
the upper to the lower surface) could serve to implement the 
invention. However, using a plurality of layers can be advan 
tageous from a practical point of view, as this way of manu 
facturing components—applying a plurality of layers until 
reaching a desired height is commonly used, for example, 
in conventional CMOS or bipolar IC processes. 
An example of such a process is outlined in FIGS. 5A-5E, 

which show the cross sections of some of the sections of a 
planar spiral inductor in accordance with an embodiment of 
the invention, during Subsequent steps of the manufacturing 
process. 

FIG. 5A shows a first step, in which a silicon dioxide layer 
310 has been deposited on a silicon substrate 300. 

In a second step, a first metal layer is applied to parts of the 
upper surface of the silicon dioxide layer; the result is shown 
in FIG.S.B. 
FIG.5C shows how, in a subsequent step, a second silicon 

dioxide layer 320 has been applied over said first silicon 
dioxide layer 310 and said first metal layer 12, for providing 
isolation between said first metal layer and subsequent layers. 

In a Subsequent step, grooves 330 are made, in a conven 
tional way, in said second silicon dioxide layer 320, thus 
producing a structure as shown in FIG. 5D, wherein said 
grooves 330 are separated by partitions 325 of silicon diox 
ide. 

Next, metal is applied to these grooves 330, thus providing 
a second metal layer 11 in which the parallel metal portions 
are separated by the silicon dioxide partitions 325 corre 
sponding to the grooves 20 in the metal inductor formed by 
layers 11 (the "grooved layer) and 12 (the “non-grooved” 
layer). 

Thus, in this manner, adding layers using, for example, 
conventional CMOS or bipolar IC processes, planar conduc 
tors can be achieved having any number of layers and grooves 
extending through any number of said layers. 

Throughout the description and claims of the specification, 
the word “comprise' and variations of the word, such as 
“comprising, is not intended to exclude other additives, 
components, integers or steps. 
The invention claimed is: 
1. A planar inductor, comprising a metal element on a 

Substrate, said metal element being provided with at least one 
groove extending along and into said element from at least 
one surface of said element, wherein said at least one groove 
extends into the element in a direction Substantially perpen 
dicular to the surface of the substrate, 

wherein the metal element comprises at least three Super 
posed metal layers each extending in a direction parallel 
to the substrate, wherein at least one of said layers is not 
provided with said at least one groove, and wherein said 
at least one groove extends from a surface of said induc 
tor and all through at least two of said layers until reach 
ing the at least one layer not being provided with said at 
least one groove. 
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2. A planar inductor according to claim 1, the inductor 
having a spiral shape, said at least one groove also having a 
spiral shape corresponding to the spiral shape of the inductor. 

3. A planar inductor according to claim 1, wherein said at 
least one groove comprises a plurality of grooves. 

4. A planar inductor according to claim 3, wherein said 
grooves are Substantially parallel with each other. 

5. A planar inductor according to claim 1, said metal ele 
ment having a Substantially rectangular cross section. 

6. A planar inductor according to claim 1, wherein the at 
least one groove extends into the metal element to an extent 
corresponding to, at least, 50% of the height of the metal 
element in the direction perpendicular to the surface of the 
substrate. 

7. A planar inductor according to claim 6, wherein the at 
least one groove extends into the metal element to an extent 
corresponding to, at least, 75% of the height of the metal 
element in the direction perpendicular to the surface of the 
substrate. 

8. A planar inductor, comprising a metal element on a 
Substrate, said metal element being provided with at least one 
groove extending along and into said element from at least 
one Surface of said element, wherein said at least one groove 
extends into the element in a direction Substantially perpen 
dicular to the surface of the substrate, 

wherein the metal element comprises at least three Super 
posed metal layers each extending in a direction parallel 
to the substrate, wherein at least one of said layers is not 
provided with said at least one groove, and wherein the 
at least one layer not provided with said at least one 
groove is sandwiched between layers provided with said 
at least one groove. 

9. A planar inductor according to claim 8, wherein, in at 
least a first layer of said layers provided with said at least one 
groove, said at least one groove extends all through said first 
layer, from a first Surface of said first layer to a second Surface 
of said first layer, reaching the at least one layer not provided 
with said at least one groove. 

10. A planar inductor according to claim 8, the inductor 
having a spiral shape, said at least one groove also having a 
spiral shape corresponding to the spiral shape of the inductor. 

11. A planar inductor according to claim 8, wherein said at 
least one groove comprises a plurality of grooves. 

12. A planar inductor according to claim 11, wherein said 
grooves are Substantially parallel with each other. 

13. A planar inductor according to claim 8, said metal 
element having a Substantially rectangular cross section. 

14. A planar inductor according to claim 8, wherein the at 
least one groove extends into the metal element to an extent 
corresponding to, at least, 50% of the height of the metal 
element in the direction perpendicular to the surface of the 
substrate. 

15. A planar inductor according to claim 14, wherein the at 
least one groove extends into the metal element to an extent 
corresponding to, at least, 75% of the height of the metal 
element in the direction perpendicular to the surface of the 
substrate. 

16. A planar inductor, comprising a metal element on a 
Substrate, said metal element being provided with at least one 
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8 
groove extending along and into said element from at least 
one surface of said element, wherein said at least one groove 
extends into the element in a direction Substantially perpen 
dicular to the surface of the substrate, 

wherein the metal element comprises at least two Super 
posed metal layers each extending in a direction parallel 
to the substrate, wherein at least one of said layers is 
provided with said at least one groove, wherein at least 
one of said layers is not provided with said at least one 
groove, and wherein the at least one groove extends into 
the metal element to an extent corresponding to, at least, 
75% of the height of the metal element in the direction 
perpendicular to the surface of the substrate. 

17. A planar inductor according to claim 16, wherein, said 
at least one groove extends all through said at least one layer 
provided with said at least one groove, from a first surface of 
said layer to a second surface of said layer, reaching said at 
least one layer not provided with said at least one groove. 

18. A planar inductor according to claim 16, wherein the 
metal element comprises at least three metal layers, said at 
least one groove extends from a Surface of said inductor and 
all through at least two of said layers until reaching the at least 
one layer not provided with said at least one groove. 

19. A planar inductor according to claim 16, wherein the 
metal element comprises at least three metal layers, the at 
least one layer not provided with said at least one groove 
sandwiched between layers being provided with said at least 
one groove. 

20. A planar inductor according to claim 16, the inductor 
having a spiral shape, said at least one groove also having a 
spiral shape corresponding to the spiral shape of the inductor. 

21. A planar inductor according to claim 16, wherein said 
at least one groove comprises a plurality of grooves. 

22. A planar inductor according to claim 21, wherein said 
grooves are Substantially parallel with each other. 

23. A planar inductor according to claim 16, said metal 
element having a Substantially rectangular cross section. 

24. A method of manufacturing a planar inductor, compris 
ing the steps of 

applying a metal element onto a Substrate; and 
providing said metal element with grooves; 

wherein 
the grooves are made to extend into the metal element in a 

direction substantially perpendicular to the surface of 
the substrate, 

wherein the step of applying a metal element onto a Sub 
strate comprises the step of applying at least one metal 
layer onto the Substrate; and 

wherein the step of providing the metal element with 
grooves comprises the steps of 

applying a non-metal material on said at least one metal 
layer; 

creating grooves in said non-metal material, said grooves 
being separated by partitions of said non-metal material; 
and 

filling said grooves with metal, thus creating a grooved 
metal layer. 


